The main objective of this study was to compare the adherence properties of four Pseudomonas fluorescens isolates from different ecological niches (human tissue, rhizosphere, drinking water, and cow milk). The substrates used to test P. fluorescens adherence were as follows: cultured human respiratory epithelial cells A549, immobilized plant fibronectin-like protein, and polystyrene. For all the experiments, bacteria were grown at 27°C. The adherence assay to human cells was performed at 37°C, whereas adherence to fibronectin and polystyrene was done at 27°C. The four strains tested adhered to A549 cells but showed different adherence patterns. At 3 h, the milk isolate showed an aggregative adherence phenotype, whereas the three other isolates showed a diffuse adherence pattern. With a longer incubation time of 24 h, the aggregative pattern of the milk isolate disappeared, the adherence of the clinical strain increased, the adherence of the water isolate decreased, and morphological changes in A549 cells were observed with the clinical, water, and soil isolates. The four strains tested formed biofilms on polystyrene dishes. The clinical and milk isolates were the more efficient colonizers of polystyrene surfaces and also the more adherent to immobilized plant fibronectin-like protein. There was no relation between bacterial surface hydrophobicity and P. fluorescens adherence to the substrates tested. The main conclusions of these results are that P. fluorescens is an adherent bacterium, that no clear correlation exists between adherence and ecological habitat, and that P. fluorescens can adhere well to substrates not present in its natural environment.
Pseudomonas fluorescens is a psychrotrophic bacillus frequently found in water and soil, sometimes in association with plants, animals, and man. This association with eukaryotic organisms can lead to beneficial or deleterious effects. For example, some P. fluorescens isolates living in soil can antagonize the effects of root pathogens, mostly fungi (Haas et al. 2002) . Pseudomonas fluorescens strains living in soil adhere to inert particles, seeds and plant roots, and foodcontaminating isolates have been shown to adhere to food surfaces and inert surfaces in contact with food (Bianciotto et al. 2001; De Mot et al. 1991; DeFlaun et al. 1994; Jana et al. 2000; Piette and Idziak 1992) . The presence of P. fluorescens strains on food products (e.g., the skin of chicken) usually causes spoilage (Arnault-Rollier et al. 1999; Russel et al. 1995) and can act as a source of contamination for man and animals. Pseudomonas fluorescens may cause several infections in man and animals. This species can be involved in epizootic ulcerative syndrome of fish (Mastan and Qureshi 2001) , rainbow trout disease (Sakai et al. 1989) , respiratory tract infection of young turkeys (Hinz et al. 1992) , neonatal septicaemia (Bompard et al. 1988) , post-transfusional pseudobacteremia (Puckett et al. 1992) , osteomyelitis (Dubey et al. 1988) , pelvic inflammatory disease (Foulon et al. 1981) , human urinary tract infection (Osawa et al. 2002) , communityacquired pneumonia (Zervos and Nelson 1998) , and nosocomial respiratory infection (Burgos et al. 1996) . Bacterial infection of the respiratory tract implies the colonization of epithelial surfaces, and therefore P. fluorescens may be able to adhere well to human respiratory epithelial cells. We have previously demonstrated that a P. fluorescens isolate from contaminated cow milk adhered to human A549 pulmonary cells and to purified fibronectin (FN), and that a clinical isolate also adhered to purified FN (Di Martino et al. 2000; Di Martino 2001) . Moreover, P. fluorescens strains of different origins have been shown to adhere to polystyrene surfaces (Bodilis et al. 2004; Mastan and Qureshi 2001; O'Toole and Kolter 1998; Piette and Idziak 1992; Pimenta et al. 2003; Williams and Fletcher 1996) .
To determine whether P. fluorescens strains coming from different ecological niches adhere to biological substrates absent from their natural habitat, we tested the adherence of four different isolates to human epithelial cells and purified FN-like protein, and compared it with the adherence to the reference substrate polystyrene. The WCS 365 rhizosphere isolate was kindly provided by Roberto Kolter, Harvard Medical School (Boston, USA). This P. fluorescens strain is a root colonizer used as a biological control agent on a variety of crops (Geels and Schippers 1983) . The CIP 69.13 (Collection de l'institut Pasteur, Paris, France) has been isolated from a pre-filter water-works tank. The SMD 31 food isolate was kindly provided by Christine E.R. Dodd, School of Biosciences, University of Nottingham (Nottingham, UK). SMD 31 was isolated from pasteurized skimmed milk stored at 4°C. The ER 74508 clinical strain was isolated from a patient hospitalized in an intensive care unit of the Hospital of Orléans, France (Di Martino 2001) . This Pseudomonas strain was responsible for a catheter-related infection. Bacterial adherence to polystyrene was done in 96-well microtiter dishes with the crystal violet procedure . The adherence incubation time was 20 h at 27°C. Absorbance at 595 nm was measured using a Bioteck-ELX800G microtiter plate reader device. All the four P. fluorescens tested formed biofilms on polystyrene dishes after an incubation time of 20 h ( Table 1 ). The clinical ER 74508 and milk SMD 31 isolates were the more efficient colonizers of polystyrene surfaces.
Bacterial adherence to human epithelial cells was carried out with the A549 lung carcinoma cell line (ATCC CCL165), as previously described (Di Martino et al. 2000) . Bacteria were grown at 27°C, harvested by centrifugation (9000g), suspended in the basic cell culture medium HAM's F12 (Eurobio, Les Ulis, France), and incubated with A549 cells at 37°C for 3-24 h. Bacterial adhesion was considered positive if the mean number of bacteria per cell was >1 (Di . The four P. fluorescens strains adhered to A549 cells (Table 1) . There was no correlation between adherence to human epithelial cells and colonization of polystyrene (Table 1) . As shown in Fig. 1 , two adherence patterns to A549 cells were observed at 3-h postinoculation: aggregative adherence, shown by the SMD 31 strain, and a diffuse adherence expressed by the three other isolates. Interestingly, all isolates showed diffuse adherence to A549 cells at 24-h postinoculation. In the diffuse pattern, adherent bacteria were randomly and individually dispersed at the A549 cell surface. The aggregative pattern was characterized by the formation of bacterial microcolonies on the cultured cells (Fig. 1G) . Some of these microcolonies were so compact that it was not possible to accurately determine an adherence index (Table 1) . As previously shown for P. aeruginosa , P. fluorescens isolates seem to express mainly the diffuse adherence pattern. Recently, Picot et al. (2004) described the expression of an adherence phenotype that seemed to correspond to the previously observed localized adherence pattern observed in P. aeruginosa . In P. fluorescens, this localized pattern characterized by small clusters of 5-10 individuals has been exclusively obtained with bacteria grown at 8°C (Picot et al. 2004 ), whereas we obtained the diffuse and aggregative patterns with bacteria grown at 27°C. Bodilis et al. (2004) have shown that some clinical and soil isolates of P. fluorescens had the capacity to grow at 37°C. In the present study, we incubated bacteria in the A549 cells culture medium HAM's F12 for 72 h at 37°C in static conditions. Optical density (OD) readings at 620 nm were taken at intervals of time with a Kontron Uvikon 922 spectrophotometer (BIO-TEK, France). The clinical ER 74508 isolate was the only strain able to grow at 37°C (data not shown) with OD 620 values of growth between 0.07 and 0.78, corresponding to approximately 7 × 10 7 and 7.8 × 10 8 CFU/mL, after 0 and 28 h of incubation, respectively. For the clinical isolate ER 74508 the ability to grow at 37°C was associated with a significant increase in bacterial adherence to human A549 cells (P < 0.01) ( Table 1) . Pseudomonas fluorescens adaptation to higher temperatures of growth could represent an advantage to develop infections in man and other mammals. However, pre-growth at 37°C was not a condition for adherence to human epithelial cells.
The three P. fluorescens strains ER 74508, CIP 69.13, and WCS 365 showed cytotoxicity. Besides causing A549 cells to detach, the remaining attached cells showed morphological alterations characterized by marked cytoplasmic condensation and cell shrinkage with a pronounced staining of the cell body (Figs. 1B and 1D) . Pseudomonas fluorescens adherence to primary cultures of rat cells has been shown to be associated with morphological alterations of neonate cortical neurons and glial cells after a short incubation time of 3 h (Picot et al. 2001 (Picot et al. , 2004 . These morphological alterations have been described as a formation of densely stained nuclear clusters of DNA, suggesting the induction of an apoptotic process and marked cytoplasmic condensation and cell shrinkage with a pronounced staining of the cell body, suggesting necrosis. In the present study, we did not observe any human epithelial cells alterations at 3-h postinoculation. Moreover, the cytotoxic effects observed at 24 h did not suggest an apoptotic process. Therefore, P. fluorescens may be able to induce cellular alterations of human epithelial and rat neuron and glial cells by different mechanisms.
Human FN is a glycoprotein present in connective tissue, in the extra cellular matrix, at the surface of epithelial cells, and in blood (Stamm et al. 1992) . FN is particularly exposed to bacteria after tissue injury or coating of implants. We previously showed that clinical and milk isolates of P. fluorescens adhered highly to human FN (Di Martino 2001; Gagnière and Di Martino 2004) , and we identified the major outer membrane protein OprF as a FN-binding adhesin (Rebière-Huët et al. 2002) . We have recently developed a procedure to purify FN-like protein from the cell wall of epicotyls of young germinating peas of Pisum sativum by affinity chromatography on gelatin and heparin columns (Pellenc et al. 2004 ). On the basis of the importance of bacterial adherence to human FN in the colonization of injured host, it is thought that bacterial adherence to plant FN-like protein may be involved in plant and vegetable food colonization. We tested the P. fluorescens adherence to plant FN-like protein using the previously described adherence assay that we developed to test adherence to purified human FN (Di Martino 2001) . Briefly, bacterial suspensions were added to microplate wells coated with FN-like protein and incubated for 3 h at 27°C. After washing with phosphate-buffered saline (PBS), adherent bacteria were recovered by the addition of 0.5% Tween 20, PBS. Recovered bacteria were enumerated by dilution plating. The four P. fluorescens strains tested adhered to immobilized plant FN-like protein with variable efficiency (Table 1) . There was no relation between adherence to plant FN-like protein and adherence to human A549 cells. However, high adherence to immobilized plant FN-like protein correlated with high adherence to polystyrene, since the more efficient adherent strains to both surfaces were the ER 74508 and SMD 31 isolates.
In an attempt to investigate mechanisms of adherence, we looked for a relation between bacterial adherence and surface hydrophobicity. The ability of the strains to adhere to hexadecane was used as a measure of their relative surface hydrophobicity (Rosenberg 1980) . Bacterial suspensions were adjusted to an OD of 0.8 at 550 nm in a final volume of 3 mL of PBS, mixed with 0.4 mL of hexadecane and permitted to stand until the phases separated. The OD of a 1-mL sample taken from the lower aqueous phase was determined at 550 nm. The values were expressed as the percentage of bacteria that remained in the aqueous phase in relation to control suspensions not treated with hexadecane. The four P. fluorescens strains tested were classified as slightly hydrophilic or highly hydrophilic (Table 1) . There was no relation between bacterial hydrophobicity and adherence.
Our results provide evidence that P. fluorescens isolates from various ecological habitats have the capacity to adhere to and thus contaminate several surfaces, including human respiratory epithelium, plant material, and inert surfaces. The study of a larger number of P. fluorescens strains isolated form different ecological niches is needed to confirm our observations made only with one representative from each environmental habitat. Note: Values are means ±SD of three independent experiments. The statistical significance of differences was evaluated with the Fisher-Snedecor variance analysis test. P-values below 0.05 and 0.01 were considered significant (*) and highly significant (**), respectively. N.D., not determined. (Some adherent microcolonies were so compact that it was not possible to determine an adherence index for the SMD 31 isolate after 3 h of adherence.)
a Bacteria are classified as hydrophobic, slightly hydrophilic, and highly hydrophilic when the percentage of bacteria remaining in the aqueous phase after hexadecane partitioning is <20, between 20 and 80, and >80, respectively.
b Adherence indices representing the average number of adherent bacteria per cell are indicated. Table 1 . Adherence properties of the Pseudomonas fluorescens strains.
